ABSTRACT This paper presents an adaptive null-space-based behavioral (NSB) method to deal with the problems of saturation planning and lack of adaptability when the traditional NSB method is applied to the formation control of multiple unmanned surface vehicles (MUSVs). First, the NSB method is analyzed, and the matrix theory is introduced to propose a behavior priority theory determination method based on a vector graph. Second, consider the maneuverability of the unmanned surface vehicle (USV), variable coefficients with physical significances are introduced to redefine the behavioral motion model, making the speed limit solved in each working condition within the maneuvering range of the USV and effectively improving the formation ability of MUSVs. Third, a logical priority collision avoidance strategy between the MUSVs is proposed, aiming at the problem that when the USVs judge each other as obstacles, both of them adopt the obstacle avoidance behavior resulting in two vehicles' courses deviating from the direction of the target point. Finally, a simulation platform for the formation control of MUSVs was established by taking the Dolphin-I prototype USV as the experimental object, and the feasibility of the proposed method was verified by a simulation test.
I. INTRODUCTION
The unmanned surface vehicle (USV), an underactuated vehicle, is used for dangerous and inhospitable missions [1] , [2] . The multiple unmanned surface vehicles (MUSVs) system [3] - [6] has attracted increasing attention due to its low cost, and robustness. In recent years, the coordination of MUSVs has become a new research hotspot. Formation control of unmanned surface vehicles [7] , [8] refers to the control technology in which multiple robots maintain a certain formation during transit to a destination while at the same time adapting to environmental constraints (such as the presence of obstacles and space constraints). Formation control of MUSVs is a typical and universal coordination problem. It is
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To solve the MUSVs formation problem, centralized [9] , [10] distributed [11] , [12] formation control methods are often adopted. Compared with the centralized method, the distributed method has become a hotspot in unmanned surface vehicle formation research because of its high reliability, and good flexibility. The null-space-based behavior control (NSB) method is a typical method to study the distributed formation control problem [13] . In [11] and [12] , the NSB method was applied to the formation control of underactuated unmanned surface vehicles to simulate formation navigation tasks under sea currents and faced with obstacles. In [14] , the formation control method was adopted based on the NSB method and applied to the distributed multi-soccer robots, transforming the environment VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ from two-dimensional space to three-dimensional space. The NSB method was also applied to the collaborative control of spacecraft formation to solve problems such as global movement, global convergence and dispersion, configuration transformation, and collision avoidance [15] . In [16] and [17] , research tackled the problem of precise formation control of the multi-Euler Lagrange system with model uncertainty in the obstacle environment; the gain of the obstacle avoidance task was determined by using sliding-mode control and Lyapunov theory in NSB obstacle avoidance behavior. The above methods are based on the traditional NSB method for formation control. In application, since the gain coefficients of this method are constant coefficients (without clear physical significance) and are constrained by robot motion factors (velocity, starting point, and ending point), their values need to be reselected and debugged under each working condition. This lacks adaptability and is not conducive to engineering applications. Moreover, because the gain coefficients are constant at each fixed condition, the traditional NSB formation control method will produce the saturated planning phenomenon; the planned expected speed is higher than the actual speed limit of the robot (exceeding its maneuverability) and task failure will occur. At the same time, the traditional NSB method does not have a theoretical definition of behavior priority and is mostly based on empirical sorting.
In this paper, the traditional NSB method is first analyzed, and a vector analysis method based on a vector graph to determine the behavior priority is proposed. Second, combined with the maneuverability of the USV, an adaptive null-space-based behavioral (ANSB) control method is put forward. By introducing the variable coefficients with physical significance to redefine the behavioral motion model, the speed limit calculated in each working condition is within the maneuverability range of USV. Third, aiming at the problem when the USVs judge each other as obstacles, both of them adopt the obstacle avoidance behavior resulting in two vehicles' courses deviating from the direction of the target point, a logical priority collision avoidance strategy between the MUSVs is proposed. Finally, a simulation platform for formation control of multiple unmanned surface vehicles was established by using the Dolphin-I prototype USV as the experimental object; simulation results demonstrated that the ANSB method can effectively improve the formation performance of MUSVs.
II. ANALYSIS AND DESIGN OF THE USV GUIDANCE SYSTEM
MUSVs control system includes a navigation subsystem, guidance subsystem, and motion control subsystem [18] . The guidance subsystem deals with navigation; a feasible navigation path can be continuously generated according to the navigation system's information, task requirements, and environmental status, and the reference path can then be sent to the control subsystem [19] . The distributed NSB formation control method undertakes the tasks of path planning and trajectory tracking in the centralized formation control method, and forms the guidance system of the USV. This paper first briefly analyzes the theory of the NSB method, and then proposes a theoretical determination method of behavior priority based on a vector graph combined with the matrix method [20] . Finally, a dynamic model of the Dolphin series mini-type MUSVs is described.
A. NULL-SPACE-BASED BEHAVIORAL THEORY
The null-space-based behavioral method is a typical distributed control formation method [21] . The central idea is to decompose the task into different behaviors, such as target reaching, collision avoidance, and cooperative formation, and use the matrix theory method of null space to fuse the behaviors according to a certain priority.
We assume that x and y are the coordinates under the inertial coordinate system, and set the coordinate position of USV as p i = [x i , y i ] T , the linear velocity of navigation as 
We take the derivative of both sides of equation (1):
where J (p) is the Jacobian matrix of σ . Then, the expected velocity of the USV is
where v is the expected speed for a single behavior, and J † is the generalized inverse matrix of J . If the system needs to execute multiple behaviors σ 1 , σ 2 , σ 3 . . . at the same time, the priority of each behavior is specified and the subscript is used to indicate the expected speed of multiple behaviors, such as v 1 , v 2 , v 3 . . . .. Then, the NSB method can be used to fuse multiple behaviors and obtain the final velocity as follows:
where Null(j) = I − J † j J j is the null space of the task velocity matrix of level j.
B. VECTOR GRAPH BEHAVIOR PRIORITY DETERMINATION METHOD

Definition 1:
Given that A is a matrix, the null-space of A, also known as the kernel, is a set of n-dimensional vectors [20] :
The null-space-based behavioral method projects the level i + 1 task vector to the level i task vector and obtains the new task output, that is, when the system completes a high-priority behavior, it maps a low-priority behavior to the output matrix of the high-priority behavior so as to complete some lowpriority behavior [11] , [21] . Fig.1 shows a schematic diagram of the behavior mapping.
Based on behavior mapping, we propose a method to determine the behavior priority namely vector graph analysis of the NSB formation control method. Two indistinguishable behaviors (cooperative formation and target reaching) are taken as examples, and the schematic diagrams for these behaviors are shown in Fig.2 and Fig.3 .
The velocities of the cooperative formation behavior and target reaching behavior are represented by v f and v c , respectively. When prioritizing two behaviors, there are two combinations: the first combination is that the priority of cooperative formation behavior is higher than that of the target reaching behavior, and the second combination is that the target reaching behavior is of a higher priority than the cooperative formation behavior. The fusion velocity results of the two combinations using the vector graph determination method are shown in Fig.2 and Fig.3 . In Fig.2 , v c is projected to the null space of v f , and is fused with the velocity v f at high priority. In Fig.3 , v f is projected to the null space of v c , and is fused with the velocity v c at high priority. Compared with the first combination, the fusion velocity in the second combination was more oriented to the desired formation point, which was conducive to accelerating formation.
The behavior priority based on the vector graph determination method can theoretically rank the fusion of behaviors.
C. DYNAMIC MODEL OF USV
In this paper, the formation system of the Dolphin series minitype MUSVs is established. In order to describe the motion of an USV, two right-handed rectangular coordinate systems are adopted [22] . The first coordinate system is the inertial frame o 0 − x 0 y 0 z 0 and the second is the body-coordinate system o − xy (Fig.4) . The inertial frame is fixed on the earth. The plane o 0 − x 0 y 0 is on the undisturbed free surface and the x 0 axis points toward the initial straight course of the USV with the z 0 axis going straight down. The body-coordinate system is fixed on the vehicle and the origin is located in the middle of the vehicle. The plane o − xy is on the undisturbed free surface. The x axis points to the bow, the y axis points starboard, and the z axis points straight down.
Since the transverse speed can be neglected without considering the external environment interference, the maneuverability model of USV is as follows:
where (x, y) is the position of the USV, u is the longitudinal speed, ψ is the heading angle, r is the heading angular velocity, δ is the rudder angle, and K , T , and α are the motion model parameters. Dolphin-I is a mini unmanned catamaran. Referring to the model of thrust and velocity in reference [23] , the corresponding relationship between the speed and voltage of the USV was established. n is the propeller's voltage, and k 1 , k, 2 k 3 are propulsion system parameters. The main parameters of the Dolphin-I USV are shown in Table 1 . To sum up, the principle of the USV control system adopting the null-space-based behavioral formation control method is shown in Fig.5 .
In Fig.5 , σ i contains σ ic , σ ia , and σ if , which respectively represent the task functions of three behaviors of the i-th USV. v i (v x , v y ) is the expected velocity vector calculated by the NSB method, and v i is the actual velocity vector of the USV. ψ and |v| are the inputs of the motion control subsystem and propulsion control subsystem, respectively. δ and n are the corresponding outputs of the two systems. The expected heading angle of the USV can be obtained by Eq.7.
III. ADAPTIVE NULL-SPACE-BASED BEHAVIORAL METHOD
In application, since the gain coefficients of the traditional NSB method are constant coefficients (without clear physical significance) and are constrained by robot motion factors (velocity, starting point, and ending point), their values need to be reselected and debugged under each working condition. This lacks adaptability and is not conducive to engineering applications. The adaptive null-space-based behavioral method redefines the behavioral motion model by introducing the variable coefficient with physical significance (the maximum speed of USV, the terminal coordinate, and the current positioning coordinate). Therefore, the speed limit calculated in each working condition is within the maneuverability range of the USV. Compared with the traditional NSB method, the ANSB method is adaptive and can consider both the efficiency and the maneuverability of the USV.
We set the coordinate position of the USV as ] T , the task function in the behavior control as σ , the expected value of the behavior control variable as σ d , and the gain coefficient as λ. In the traditional NSB control method, (3) can be changed to obtain (8) .
According to the requirements of USV operation, task execution is divided into three behaviors: target reaching behavior, collision avoidance behavior, and cooperative formation behavior. According to the physical meaning of each behavior, the behavior gain coefficient of the ANSB method is redefined to make the method have the speed controllability and the working condition adaptability.
A. MATHEMATICAL MODEL OF TARGET REACHING BEHAVIOR
The target reaching behavior runs throughout the MUSVs' operation. The mathematical model of this behavior is shown in (9)-(11). By introducing the maximum speed, real-time coordinate position, and terminal position of the USV, the gain coefficient of the target reaching behavior is redefined to ensure that the final speed calculated is always within the maneuverability range of the USV and thus we effectively avoid the phenomenon of ''saturation planning''.
where the variable r c > 0 is the regulatory factor of the target reaching behavior. As shown in (10), after redefining the gain coefficient λ c , the expected speed of the target trend behavior is less than the maximum speed, that is, |v c | < v max . r c is introduced to solve the phenomenon where the USV does not reach the target point with the traditional NSB method and the sudden and uncontrollable large deceleration leads to slow speed and a slow change in the expected path point.
B. MATHEMATICAL MODEL OF COLLISION AVOIDANCE BEHAVIOR
In the course of MUSVs navigation, collision avoidance behavior can guarantee the safety of MUSVs and provide a basic guarantee for the realization of subsequent tasks. The safe distance for collision avoidance is defined as d, D a represents the distance between the USV and the obstacle, and λ a represents the gain coefficient of collision avoidance behavior. The mathematical model of collision avoidance behavior is shown in (12)- (14) . 
where D a0 , J a0 are the values obtained by D a , J a at the initial moment of obstacle avoidance, and D a0 < d. According to (12) , the expected speed for the danger avoidance behavior of the USV is less than the maximum speed, that is, |v a | < v max . When the USV is gradually approaching the obstacle, the expected speed decreases gradually. When it is infinitely close to the safe distance for obstacle avoidance, the expected speed of collision avoidance behavior is zero, and since the collision avoidance behavior is the highest-level behavior, the expected speed of the USV is zero.
When considering the problem of collision avoidance between MUSVs, a logical priority strategy is proposed; all the MUSVs in the formation should be numbered and an USV sees vehicles which numbered numbers are smaller as obstacles. This kind of collision avoidance strategy can effectively solve the problem when the USVs judge each other as obstacles, both of them adopt the obstacle avoidance behavior resulting in two vehicles' courses deviating from the direction of the target point. Fig.6 shows a schematic diagram of logical priority collision avoidance strategies between MUSVs.
C. MATHEMATICAL MODEL OF COOPERATIVE FORMATION BEHAVIOR
The formation of MUSVs is a complex task that involves cooperation between different MUSVs. In order to realize formation, a behavioral control function was established based on the distance deviation between the formation's form and the formation's center. The mathematical model of cooperative formation behavior is shown in (15)- (17) .
where δ f is the actual horizontal and vertical coordinate deviation between the robot's current position point and the formation's center, and δ f ,d is the expected horizontal and vertical coordinate deviation between the robot's current position point and the formation's center. (x f , y f ) is the desired formation position point of the USV at the current moment, and r f > 0 is the formation threshold. In this behavior, it is considered that the formation and maintenance of the formation are interdependent, and that cooperative formation behavior is always accompanied by target reaching behavior so that robustness can increase during operation. Based on the vector graph method for determining behavior priority, it can be seen that the priority of the target reaching behavior is higher than that of the cooperative formation behavior, which is conducive to accelerating formation and maintenance of the formation. Therefore, when the cooperative formation behavior projects to the null space of the target reaching behavior, the fused velocity v cf is less than v max .
IV. NUMERICAL SIMULATION OF MUSVs FORMATION TEST
Taking the Dolphin-I prototype USV as the experimental object, the formation simulation platform of five unmanned surface vehicles was established to verify the adaptive nullspace-based behavior formation control method proposed in this paper. The simulation platform was built using MATLAB software, and the PID control method [24] was adopted to control the course and speed.
A. COMPARATIVE EXPERIMENTS USING THE FORMATION CONTROL METHOD
The The target position was (800 m, 100 m), the obstacle position was (300 m, 10 m), the obstacle radius was r = 20m, the influence radius was r in = 0.2 × r, and the iteration step length was 1 s. We suppose that the maximum speed of the USV was 1.5 m/s. The traditional NSB method adopted the same obstacle avoidance strategy and behavior priority as the ANSB method. The formation of MUSVs was expected to be a regular pentagonal shape, in which USV no.1 served as the vertex of the formation's forward direction. After several simulation tests, it was finally determined that when the gain coefficient of the three behaviors were λ c = 0.001, λ f = 0.020, and λ a = 0.025, the expected speed calculated by the traditional NSB formation method would always remain within the maximum maneuvering speed range of the USV.
The simulation results are shown in Fig. 7 and Fig. 8 . Fig.7 shows the path planning diagram of five USVs by the NSB method, and the dotted black line indicates the formation at every 200 iterations. Fig.8 shows the expected speed curve of USV no. 1 under the current mission condition; the red dotted line is the maximum maneuvering speed of the USV, and the blue solid line is the expected speed. It can be seen from Fig. 8 that when adopting the traditional NSB formation control method, the selected behavioral gain coefficient can make the maximum expected speed be calculated within the maneuvering range of the USV. However, the expected speed decreased exponentially. The expected speed of the first third of the voyage was reduced to 0.2 m/s, resulting in a slow update of the position of the USV in the second half of the voyage. When encountering obstacles, the speed was adjusted to maintain formation. Fig.9 and Fig.10 are USV paths under the same working condition using the ANSB formation control method. As shown in Fig. 7 and Fig.9 , the priority collision avoidance strategy can effectively avoid that both vehicles perform the collision avoidance behavior against each other, and improve formation efficiency. The dotted black line in Fig. 9 shows the formation of MUSVs at every 20 iterations. Fig.10 shows the expected speed curve under the current task condition. As can be seen from Fig. 10 , the expected speed of the USV always remained within the maximum maneuvering speed range, and slowly declined. When two-thirds of the distance was covered, the speed showed an obvious downward trend. When encountering obstacles, the speed was adjusted to maintain formation.
It can be seen from comparing Fig.8 and Fig.10 that under the current working condition, the navigation time of the ANSB method was reduced from 5,000 s by the traditional NSB method to less than 1,000 s. Therefore, the ANSB method can control the speed, optimize the speed change trend, and effectively improve the task completion rate. 
B. COMPARATIVE EXPERIMENTS ON THE SHORT-DISTANCE FORMATION TASK
Under the same simulation environment, we control the iteration step size and behavioral gain coefficient by the traditional NSB method as in the above experiment. The formation of MUSVs sailed from the same position to a closer target point (400 m, 300 m) than the previous experiment. The obstacle position was (150 m, 50 m), the obstacle radius was r = 20m, and the influence radius was r in = 0.2 × r. The test results of two formation control methods are shown in Figs. 11-14 .
According to Fig.12 , with the same behavior gain coefficient, the maximum speed calculated by the traditional NSB method was only 3/4 of the maximum maneuver speed at the early stage of planning, and then the speed decreased exponentially. At 300 iterations, the expected speed dropped to 0.3 m/s, and the number of iterations to complete tasks and reach the target point was more than 5,000. Fig.14 shows the expected speed under the ANSB method. It can be seen from the figure that the expected speed was always within the maximum maneuvering range of the USV, and the speed trend was relatively gentle. When approaching the target point, the speed decreased slowly, and the number of iterations in the whole journey was approximately 500. relationships between the expected speed, position coordinate, and number of iterations under the two methods.
C. COMPARATIVE EXPERIMENTS ON THE LONG-DISTANCE FORMATION TASK
Under the same simulation environment, we control the iteration step size and behavioral gain coefficient by the traditional NSB method as in the above experiment. In this task, the formation of MUSVs sailed from the same position to a distant target point (2000 m, 800 m). The test results of two formation control methods are shown in Figs. 15-18 . The formation track of USVs under the two formation control methods is shown in Fig. 15 and Fig. 17 . The dotted black line in Fig. 15 shows the formation of MUSVs at every 200 iterations, and the dotted black line in Fig. 17 represents the formation of MUSVs at every 20 iterations. According to the figures, both the traditional NSB and the ANSB method can successfully complete the tasks. In Fig. 15 , the trajectory update of the MUSVs became more and more slow after half the journey towards the target point. Meanwhile, in Fig. 17 , the trajectories throughout the journey were relatively stable, and the trajectory update did not become slow until they approached the target point. It can be seen from the figure that the expected speed in the first 400 iterations was significantly higher than the maximum maneuvering speed of the USV, resulting in saturation planning. In the subsequent planning, the speed was within the range of the maneuvering speed of the USV, but it decreased exponentially. At 2000 iterations, the expected speed decreased to 0.3 m/s, and the iteration step size under the current working condition for MUSVs to complete the task was more than 6000 s. Fig.18 reveals the expected speed under the ANSB method. It can be seen from the figure that the expected speed was always within the maximum maneuvering range of the USV, and the speed trend was relatively gentle. When approaching the target point, the speed decreased slowly, and the number of iterations in the whole journey was less than 1800 s. Table 3 illustrates that the ANSB formation control method in the long-distance task can achieve consistent with the first two test operation conditions, and can maximize the use of the USV's maneuverability. The ANSB method can effectively solve the problems of saturated planning and lengthy planning that plague the traditional NSB formation control method, thus improving efficiency on the formation task.
D. SIMULATION TEST OF THE ANSB METHOD UNDER THE NOMINAL MODEL
The MUSVs formation motion model was built on a simulation platform. This paper focused on the formation control of MUSVs, thus this platform adopted the classic PID control method to control course and speed of the single vehicle. The control law is shown in Eq. (18) [25]- [29] .
where w is the output of the controller, and e is the deviation between the given expected value and actual output value. Fig.19 shows a photo of Dolphin-I in the Songhua River.
The MUSVs formation operated under the same working conditions as in the above tests, but from the same starting point to a closer target point (400 m, 300 m). The obstacle position was (150 m, 50 m), the obstacle radius was r = 20m, and the influence radius was r in = 0.2 × r.
In the first group of comparative tests, the safe distance which was the minimum distance between two USVs to ensure safe navigation was set as 2 m. Fig. 20 and Fig. 21 show the simulation test results of five USVs in a cooperative formation task under the nominal model controlled by the traditional NSB method without a collision avoidance strategy.
The dotted black line in Fig.20 is the formation of the MUSVs every 200 s under the NSB method. As can be seen from Fig.20 and Fig.21 , under the safe distance set in this experiment, the MUSVs formation can complete the task, however, in the absence of obstacle avoidance strategy, the voyage time of was more than 5000 s. According to Fig.21 , with gain coefficients of λ c = 0.001, λ f = 0.020, and λ a = 0.025, the planned maximum speed is only 3/4 of the actual maximum speed of Dolphin-I when the NSB method is used. Fig.22 and Fig.23 show the results obtained by the ANSB method with the collision avoidance strategies. Fig.22 presents the formation track of MUSVs under the ANSB method. The dotted black line in Fig.20 is the formation every 20 s, and the solid yellow line represents the track of USV no. 3. The first third of the track of USV no. 3 is a wavy line. This is because according to the logical priority collision avoidance strategy, USV no. 3 regards USVs no. 2 and no. 1 as barriers to keep safe distance from. In this test, because the distance between the USV no. 2 and USV no. 3 was less than the safe distance, USV no. 3 gave way. Moreover, because the minimum rotation radius of the Dolphin series USV is 8 m, sinusoidal motion is generated when two adjacent planning nodes are relatively close. Fig. 23 shows a comparison curve between the actual speed and the expected speed determined by the ANSB method for USV no.1 as an example. It can be seen from the figure that the expected speed of the USV was always within the range of the maximum maneuvering speed (1 m/s) of the Dolphin series MUSVs, and it declined slowly. The motion control subsystem could well keep up with the change in expected speed, and the speed approaching the target point gradually approached 0.
In the second group of comparative tests, the safe distance between two USVs was set as 10 m. The test results of the two methods are shown in Fig. 24 to Fig. 27 .
When the safe distance between the USVs was set at 10 m and the NSB method without a collision avoidance strategy was used, USVs no.1, no. 4, and no. 5 all performed obstacle avoidance behaviors, and the three vehicles interacted with each other, causing the USV no. 4 to deviate from the navigation path (Fig. 24) . Furthermore, the planned speed of USV no. 1 for some time far exceeded the maneuverability of Dolphin-I (Fig. 25) . Fig. 26 shows that with the ANSB method the MUSVs can still maintain the formation to complete the task. Fig.25 and Fig.27 show that utilizing the ANSB method can help MUSVs complete tasks more quickly.
V. CONCLUSION
1) By analyzing the NSB method theory and the USV dynamic model, we found that when the traditional NSB method is applied to the MUSVs formation control, problems VOLUME 7, 2019 such as saturated planning and lengthy planning easily occur. The lack of operating conditions adaptability is not conducive to engineering applications.
2) We proposed a vector graph behavior determination method to determine the behavior priority from the perspective of the matrix theory. Compared with the traditional experiential behavior prioritization method, the vector graph behavior determination method is more rigorous, has higher controllability, and is convenient for parameter analysis and debugging.
3) The proposed redefined behavioral motion model makes the speed in each working condition adaptively and within the maneuverability range of the USV. Furthermore, the proposed logical priority collision avoidance strategy simplifies the process of obstacle avoidance and facilitates formation task efficiently. The simulation illustrates the effectiveness of the proposed ANSB control method.
For future work, this can be extended towards the formation control of heterogeneous MUSVs. This will help various USVs collaborate on tasks. 
